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Objectives

For large-scale fire models, we need a somewhat simpler
description of the solid-phase behavior.

Broadly speaking, burning objects in a fire may be
categorized 1nto:

— Those that may be approximated as “vaporizing” at the
surface (like PMMA) — an adequate treatment (at least for
now), and

— Those that char on the surface (like wood).

While the actual decomposition process for both type of
materials 1s quite complex, the question is:

What 1s the simplest treatment that captures the essential
flame spread physics for charring materials and what
are the differences caused by charring?



Outline of the Presentation

A discussion of the use of pyrolysis temperature
models for describing charring materials.

— How to determine an appropriate pyrolysis
temperature for predicting the fuel evolution rate from
charring materials?

— Is 1t a material property?

— How accurate 1s such a treatment?

A model of flame spread over charring materials
using the pyrolysis temperature concept.

Discussion of the model — the effect of charring.

Conclusions.



Pyrolysis Temperature Assumption

We first examine the pyrolysis temperature assumption by
considering two otherwise 1dentical models:

— one with finite rate decomposition kinetics, and
— the other with infinite rate kinetics (pyrolysis temperature)
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Physical configuration of the problem considered.
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Overall Energy and Mass Balance

It ¢,1s the time to completely pyrolyze a slab of wood of thickness,
L. Then, the total mass of volatile gases produced during the
time #,and the sum of all energies lost, stored and absorbed
during the pyrolysis process must be the same as the total input
energy and also the same for both the models.

Mass balance: For constant initial (p,) and final (o) densities, the
total mass evolved per unit area /(p,, -p)L/ 1s automatically
balanced for both models.

Energy balance:

Ly
+ J (80‘( TS4(t) — Ti )+ h( Ts -T_ )) dt + carried out by pyrolysis products.

0

Vo

loss



Energy carried out by the products of pyrolysis is:

: trLiop. (P C FpC )
1L dp
Jor finite ——__ 1 pw_ T Pt =T )| dxd
rate kinetics 00 at (pw P ) oo
for pyrolysis
temperature =(p w pw+’0 f pc) (T, -1 )L

This is the primary difference. Equating the two gives us the
energy and mass balanced pyrolysis temperature as:

o L1 dp:(x,t) &

Where: 0(x, ) =(T(x, )= Teo)/Too 56 =x/L; T= t/tf
pr=(p,(x,0) = p,)(p, —p,); #=E/RT, & 4" = At,



Estimate by steepest descent. 5 AR
the maximum occurs when:

g€ 9==9/O+1)+In(p 0)

is a maximum,i.e. g(& , 7 =0

o

integrand

* V ----- o
For large ‘ggg(é: , T) ="
It can be shown that: =
P e G VI

Stuck!! But an approximate formula of energy & mass
balanced pyrolysis temperature 1s attractive because it relates
the pyrolysis temperature to kinetic parameters.

Re-start numerically:



Surface temperature for kinetic & pyrolysis temperature models
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Volatile mass flux for kinetic & pyrolysis temperature models
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Volatile mass flux for kinetic & pyrolysis temperature models
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Constants used for the calculations

A = 250 x 106 1/sec ;
C = 14651 J/KgK ;
pW
K, = 00712 WmK;
h = 114 W/cmzK :
T = 25°C;
o = 567 x10% Wiem?K?
p. = 16224 Kg/m?,

= 712 J/KgK ;

C
p
E = 12558x10° J/Kg mole
K = 01675 WmK
= 30 cal/
Qp cal/gm

e = 095 (surface emissivity)

P, = 676 Kg/m3

L = lcm



Percentage difference between the total

input energies (E. ) for the two models

1) no surface
heat losses

2) convective
heat losses

3) radiative
heat losses

4) convective
and radiative
heat losses

Total input energy (Joules)
KINETIC FRONT FRONT
(D) (2) (3)
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_|_
BO0ET  ras ) (Tp=25°0)
20.00E+6  24. 600E+6

+
806 p3750)  (Tp=425°C)
21.11E+6  30.200E+6
REES a0y (TS O)

Percentage difference
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1.87
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Comparison of Arrhenius & Front Models with Experiments

700 ‘ | | | | | ‘ |
1 O Lbxpts q”:SBW/mmg,Na ]
— Decomp. Model
6009 __ fFront Model = = ==

OOQOQDOOOGQDOOOOOQQ&O&QLOM o 5L
oquoﬁooooogo

00000000000000(

000+

gad
OODDO - oOODDQOOOOOOO
o
_| goo® _|
- GQODO
a9
— g9
(o
Q
a
8]
400 ’ .
_ 5%
OO
poo
%
oooobo
- s
5
300+ oo -
‘.'.
.-'=

TEMPERATURE (C)

| In-depth Temperatures

el for Charring Composite
| | | | | | | | | |

0 250 500 750 1000 1250 1500 1750

TIME (s)




Comparison of Arrhenius & Front Models with Experiments
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In midst of 1ignorance of appropriate decomposition kinetics, it
1s O.K to use pyrolysis temperature models.



Wind-Opposed Mode of Flame Spread

Numerous experimental & theoretical studies 1n the last 2 century

deRis, J. N. "Spread of a Laminar Diffusion Flame," Twelfth
Symposium (International) on Combustion, P. 241, (1969).

Wind Direction
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de Ris’ formula: /= .




Flame Spread over Charring Materials

Wind Direction Broken Flamelets

I Fuel Mass Onset of Extinction
Steady Flame e 2 Flux
Propagation Velocity Heat Flux A A

«—

V¢ .

’Eﬁ%///

Pyrolyzing Zone

Virgin Material

The Physical Problem



Flame Spread over Charring Materials
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The Model Problem: The dotted lines show the approximations made
in the gas and solid phases. The pyrolysis zone 1s approximated by a
pyrolysis surface and the reaction zone by a flame sheet.



Flame Spread 1n the Ceiling Configuration

Flame spread on WOOD 1n
the ceiling configuration —
Looking edgewise.

Flame spread on PMMA 1n
the ceiling configuration —
Looking from below.



MODEL FORMULATION

In the model steady-state coupled elliptic equations for the
conservation of mass, energy, species and momentum in the gas-
phase and conservation of energy in char and wood are solved
exactly using orthogonal parabolic coordinates. The only
inexactness 1s near the leading edge.

The gas-phase equations are transformed by introducing
dimensionless parabolic coordinates defined by the expression:

.U, , While the solid-phase equations are
cFin= v—(x+ iy) transformed by using:

oo

A
B+iow= \/ZV(x+ iy),; whereV is the flame speed & o, = /C
aw w pw
Note that, parabolic coordinates impose zero gradient boundary
condition on x <0 & y = 0. However, de Ris’flame spread formula
1s recovered in the limit of zero char thickness by this analysis.



Flame Spread Solution

The steady flame spread rate 1s determined by satisfying two
physical conditions: These are:

1. The energy balance downstream of the point of flame inception.
Along the burning surface (y = 0; x = 0) it states:

oT T
—/lgﬁ(yg(x,m —A, yc (x,0).

2. This corresponds to the evolution of the fuel mass from the solid &
yields the “blowing parameter” m. Note that the pyrolysis products
are produced as the char-solid interface (defined by the parabola

o = ¢) travels through the solid at a constant velocity ‘V’
converting it to char and generating a mass proportional to (p,, —
p.). This yields the expression for ‘m’ as:

f(O):_m:_ 2aWV .(Iow_pc).c
VvooUoo poo,gas




Flame Spread Solution
The first condition along the burning surface (y = 0; x = 0) yields:

(uopo](ho oy ) em)” J 2C, [pw Wpc] W11

ILP. Sc-m-g(eo,Som) | 7Ap,C,, /£ \f )

Here, f7(0, m) is numerically determined from the Blasius solution
for prescribed values of ‘m’ and Sc. ¢ — defines the parabolic char-
solid interface — it depends entirely on the solid-phase properties.
This equation determines an appropriate value of m that satisfies the
energy balance at the burning surface. Once m’1s determined, the
second condition 1s used to determine the flame spread rate as:

. 1-1

o) ] e




Flame Spread Solution with Oseen Approx.

For the special case of Oseen flow (and imposing de Ris’assumptions
the analysis yields the flame spread rate as:

P opC |(T,.-T _
v o|_ e e pe || 1S s erf /5_cc
U A pC T -T 2

oo cc pc|\'s p

In the limit of zero char thickness, i.e. as ¢ — 0 (no char) and
Tp — Ts, & we obtain:

-

erf
Lim _ ;chccpc( | J
30 (TS—Tp) ;twpwcpw TS—TOO
TpaTS

Substitution recovers de Ris’ spread formula for ‘vaporizing’
solids.



The Char-Material Interface

The char-material interface 1s defined by the parabola @ = ¢, where
the value of ‘¢’ 1s obtained from the solution of:

25
1-6.) GXP{_C 2" eXp szJ
T p’ s _ _o0 T
{/1 p 56} O¢ erfc CJ ¢ 2"
erfly 5 ¢ NG)
A A ~ A —
Here, 0,.= W< |; ﬂ=2—c and 9=0/C,, (T, -T,)
¢ prpw pccpc w pvep

Q is the Stefan number (+ve for endothermic pyrolysis). Other terms are:

1. the nondimensional heat flux to the interface from char (goes to ‘0’ as
c—oo and goes to ‘oo’ as ¢ tends to ‘0’)

2. the nondimensional heat flux leaving the interface into the pristine

solid (goes to ‘1’ as ¢ goes to ‘0° and goes to ‘e’ like ¢ as ¢ tends to ‘oo
3. the heat absorbed or liberated at the char-solid interface. The solution

requires four input parameters: 7,9 , 0, and 0.

bl



Determination of the Char-Material Interface
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Isotherms 1nside the semi-infinite charring solid

d representative values for wood: A=1/3 ;6 ,=0275 ; 0,=0.75
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The Flame Spread Rate

Velocity and mixture fraction profiles inside the boundary layer

7 Sc = 0.7 for all calculations
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The Flame Spread Rate

Variation of the flame spread velocity normalized by the free-stream

velocity for various values of ‘m’ and ‘¢’
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The Flame Spread Rate

Calculated stream lines and the flame location in the gas-phase along
with the calculated 1sotherms 1n wood and char shown for ¢ = 0.501.
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Flame Spread Experiments on Wood 1n the
Horizontal Configuration
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Flame Spread Rate (mm/sec)

Horizontal Configuration
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Char depth (mm)

Horizontal Configuration
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The Flame Spread Rate

Measured flame spread rates and char depths are correlated. Clearly,
smaller char-depths are produced by higher flame speeds.
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Conclusions

This analysis develops a theoretical description of a
diffusion flame spreading against the wind on a semi-
infinite charring solid.

Using the pyrolysis temperature and flame sheet
approximations, the steady-state coupled elliptic equations
for conservation of energy, mixture fraction and momentum
in the gas-phase and conservation of energy in char and
wood are solved exactly.

A more general analytical solution 1s presented that reduces
to de Ris’ flame spread formula in the limit of zero char
thickness and with similar assumptions.

The growing char layer in the solid-phase has considerable
influence on the flame spread rate. It is seen that formation
of a thicker char layer significantly retards the spread rate.



Conclusions (contd.)

Unique steady-state solutions for the parabolic char-material interface
were found to exist only for Stefan number > -1. For Stefan number =
-1 (1.e., exothermic), two solutions were found. One of these solutions
corresponds to the location of the char-solid interface at infinity,
indicating the likelihood of a thermal runaway. This happens
regardless of the property values.

Measured char thickness, even for experiments on flame spread over
(rather than under) horizontal surfaces of wood, correlate well
according to this formula. As expected, faster flame spread produces
thinner char.

The location of the parabolic char-material interface depends upon:

a) The ratio of thermal conductivities and thermal diffusivities of the
char and pristine solid.

b) The nondimensional pyrolysis temperature, and
c) The Stefan number.



Conclusions (contd.)

7. Calculations using the available property data for wood and its
char provide much insight into the controversial heat of thermal
decomposition of wood. It 1s found that a value greater than 0.5
J/Kg of wood (exothermic) will result in a thermal runaway — a
phenomenon that has not been observed. This raises serious
doubts about the reported exothermic heats of thermal
decomposition of wood, some of which are more than three
times greater than the theoretical limiting value.
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